Terahertz (THz) photon-assisted tunneling was observed in GaInAs/InAlAs triple-barrier resonant tunneling diodes (RTDs) integrated with patch antennas on InP substrates. The conduction loss of the antenna was reduced by a structure that consists of an Au-coated ground plane, an Au antenna electrode and a thick benzo-cyclo-butane layer as a dielectric between them. Large THz voltages were induced across the RTD with this structure by THz irradiation (frequency f = 1.4-3.1 THz), e.g., 122 mV at an incident power of 76 mW at f = 1.4 THz. Current changes due to photon-assisted tunneling with photon absorption and emission were determined. The peak voltage of the current change shifts due to the multiphoton process with increasing incident power. The multiphoton process was remarkable at low irradiation frequency. These measurements were in reasonable agreement with theory.
Introduction
The interaction between electromagnetic waves with terahertz (THz) frequency and nanostructures has received considerable attention since the proposal of superlattices and their Bloch oscillation, 1) rectification 2) and oscillation 3) of resonant tunneling diodes (RTDs). Photon-assisted tunneling, which is one such interaction, has been investigated theoretically and experimentally. [4] [5] [6] [7] A three-terminal amplifier device in the THz frequency range using photon-assisted tunneling has also been proposed. 8) We previously reported on the observation of current change in a triple-barrier RTD by THz irradiation, including the gradual change from square-law detection to photon-assisted tunneling with increasing frequency. 9) However, only small current changes were identified because of the large conduction loss in the antenna integrated in the RTD.
In this paper, we report on the THz photon-assisted tunneling of triple-barrier RTDs including large current changes by improving the antenna characteristics. Electron transition with the multiphoton process during photon-assisted tunneling was observed due to large THz voltages. Here, we describe the structures of the RTD and the antenna, the calculation and experiment on THz voltage induced across the RTD, and observation and theoretical analysis of the large current change due to THz photon-assisted tunneling.
Device Structure and Measurement
GaInAs/InAlAs triple-barrier RTDs on n + -InP substrates (N D ∼ 10 18 cm −3 ), integrated with planar patch antennas, were used for the detection of electromagnetic waves in the THz frequency range. The structure of the antenna and the cross section of the RTD are shown in Figs. 1(a) and 1(b), respectively.
A planar patch antenna is a useful structure for vertical devices on highly doped substrates to effectively detect electromagnetic waves. 10) Conduction loss due to the skin effect at the substrate surface and the antenna electrode is the main loss mechanism, which deteriorates the resonance characteristics and reduces the induced THz voltage across the diode. This conduction loss can be reduced by using a low-resistance material for the surfaces and a thick dielectric between the substrate and the antenna electrode. 10, 11) In this experiment, the substrate was covered with Au whose resistance is far lower than that of n + -InP, and a 3-µm-thick benzo-cyclo-butane (BCB) layer was used for the dielectric. Theoretical conduction loss is discussed in detail in the next section together with Fig. 1 . Schematic illustration of (a) RTD integrated with a THz patch antenna used for the measurement of photon-assisted tunneling, and (b) cross section of the RTD buried BCB layer of the antenna.
Terahertz Voltage Induced across RTD

Theoretical analysis
Before discussing photon-assisted tunneling, the induced THz voltage is estimated theoretically and experimentally in this section. The theoretical THz voltage induced across the RTD is calculated from the equivalent curcuit shown in Fig. 3 . The current source I i equivalently shows the electromagnetic wave incident onto the planar patch antenna, which is connected in parallel with the radiation resistance R r , the resistance due to the conduction loss R c , L a and C a which indicate the resonance characteristics of the antenna and the impedance of the diode mesa. The impedance of the diode mesa consists of contact resistance R t , contact capacitance C t , capacitance C D and differential resistance of the RTD, resistance R m and inductance L m of the mesa body. The dielectric loss 10) is assumed to be negligibly small in comparison to the conduction loss.
The current source I i is expressed as 11)
where D is the directivity of the antenna, G r = 1/R r is the radiation conductance, and P in is the incident power.
11) The loss conductance G c = 1/R c is expressed as 10, 11) G c = 4.6 × 10 −5 λ
where λ 0 is the irradiation wavelength in the vacuum, ρ is the resistivity at the surfaces of the antenna and the substrate, and d is the thickness of the dielectric. 
where Y a = 1/jωL a + jωC a , Y m is the admittance of the mesa, and ω is the irradiation angular frequency. The admittance of the mesa Y m is expressed as
The differential resistance of the RTD is neglected in eq. (4) because it is much larger than 1/jωC D . The THz voltage V ac induced across the RTD is obtained as the measured results of the induced THz voltage. In the fabrication process, a 1-µm-diameter 3-µm-high mesa structure was formed by electron-beam (EB) lithography, evaporation of Cr (15 nm), Au (400 nm) and Ti (50 nm) for the electrode, and reactive ion etching (RIE) with CH 4 and H 2 . A vertical mesa structure was obtained by repeating RIE and O 2 ashing processes. 12) Then, the RTD layers were slightly selectively etched with H 2 SO 4 : H 2 O 2 : H 2 O = 1 : 1 : 40, and Au was evaporated at the surface of the substrate. Metallization of the side wall of the RTD layers was avoided because they were undercut by the selective wet etching. The substrate was then coated by BCB and the mesa top of the RTD was exposed by RIE of the BCB with CF 4 and O 2 . The antenna was also fabricated by EB lithography and evaporation of Cr (10 nm) and Au (200 nm). The diameter of the antenna was determined by the resonance condition, 10, 11, 13) e.g., 80 µm for the irradiation frequency f = 1.4 THz. The peakto-valley ratio and the peak current of the RTDs in the DC characteristics were typically ∼4 and ∼1 µA, respectively, at room temperature, as shown in Fig. 2 .
A CO 2 -laser-pumped CH 2 F 2 or CH 3 OH gas laser was used as the source of the THz electromagnetic waves. The output power was a few tens to 100 mW. The chopped output of the laser was focused on the antenna through a Si planoconvex lens and a Si hemispherical lens. The current change of the diode due to the irradiaton was measured using a lockin amplifier and determining the voltage change across the series resistance connected to the diode. The obtained current change was plotted as a function of bias voltage across the diode which was derived from the series resistance and the differential resistance of the diode. Figure 2 shows the measured current change under THz irradiation as a function of bias voltage at f = 1.4 THz and THz voltage across the RTD V ac = 14 mV. Two peaks created by photon-assisted tunneling were observed around the bias voltages V dc = 90 mV and 180 mV. The obtained distinctive shape of the current change is not a bolometric one, because current change due to temperature variation does not result in such a shape. Details of the current change in Fig. 2 are discussed later. 
It is seen from Fig. 3 that large R c leads to the decrease of the current through R c and the power consumed at R c , resulting in the increase of V i and V ac . To increase R c , the thickness of the dielectric d must be large and the resistivity ρ must be small, as shown in eq. (2) . V ac increases with increasing d and saturates at d ∼ 3 µm, where R c with Au is comparable to the mesa impedance. The antenna structure mentioned in the previous section was determined from this consideration.
The theoretical curve calculated from eqs. (1)- (5) is shown in Fig. 4 for P in = 100 mW. The result for the previous antenna structure 9) with 0.2-µm-thick SiO 2 instead of BCB and without an Au ground plane is also shown. As seen in Fig. 4 , V ac in the present antenna is remarkably improved in comparison with that in the previous one. This improvement is attributed to the significant increase of the resistance the R c from 3.3 to 700 .
Estimation from the measurement
The THz voltage V ac induced across the RTD was estimated from the irradiation measurement. As mentioned in ref. 10 and in §4 below, the current change I under the irradiation, at a region where the current-voltage curve is smooth, is expressed as
where I dc (V dc ) is the device current at the bias voltage V dc without irradiation. To estimate V ac , this equation is applied using the measured I and the DC curve in Fig. 2 at
) is added to the right-hand side of eq. (6), when the incident power is very large, this term is negligible in the present experiment (P in 100 mW).
Circles and triangles in Fig. 4 represent the measured frequency dependence of the THz voltage V ac on the present planar patch antenna with thick BCB and the previous one with thin SiO 2 , 9) respectively. The measured THz voltages in Fig. 4 have been normalized to express the values at P in = 100 mW, using the experimentally confirmed relation V 2 ac ∝ P in . Measured results and theoretical analysis were in agreement and it was clearly shown that V ac is remarkably improved using thick BCB and an Au ground plane. Due to these large values of V ac , we were able to observe photonassisted tunneling with the multiphoton process, as discussed later.
Observation of Photon-Assisted Tunneling
Theory of photon-assisted tunneling
The current change I of an RTD due to photon-assisted tunneling under THz irradiation is approximated as 4, 5, 7)
wherehω is the irradiated photon energy, J n is the n-th-order Bessel function, and α is the ratio of V ac to voltage across the centers of the two wells in the RTD.
The terms with n > 0 in eq. (7) express the photon absorption process, and the terms with n < 0 express the photon emission process. Each term in the summation expresses the n-photon process. If the DC curve I dc (V dc ) of the RTD has a sharp peak, the current change I in eq. (7) will have a multipeak feature caused by n-photon processes. 7) However, if the peak width of I dc (V dc ) is larger than αhω/e, the separation of the multipeak in I becomes unclear. Here, we discuss the case that corresponds to the present experiment.
I has two peaks around the original peak of I dc (V dc ) in this case. The left-hand-side peak of I arises from the summation of the terms with n > 0 in eq. (7) (photon absorption), and the right-hand-side peak arises from the summation of the terms with n < 0 (photon emission). As the THz voltage V ac increases, the higher-order Bessel function becomes large, and thus, electron transition with the multiphoton process becomes significant. As a result, the two peaks of I move farther from the peak of I dc with increasing V ac . In a rough estimation, an electron transition with the photon number n eV ac /αhω is dominant at a relatively large V ac , because J 2 n (eV ac /αhω) in eq. (7) is nearly maximum at this value of n.
If the input power is small (eV ac < αhω), eq. (7) is approximated by 5 )
where the first and second terms denote the currents due to photon-assisted tunneling with one-photon absorption and emission, respectively. With αhω → 0, this equation corresponds to classical square-law detection proportional to the second derivative of I dc (V dc ). In the current region where I dc (V dc ) is smooth, eq. (8) also approaches the second derivative of I dc (V dc ). This result has been applied in §3.2. Figure 2 shows one of the measured current changes for function of V ac , as shown in Fig. 7 . The values of eV ac /αhω, which indicate the photon number in the the multiphoton process, as mentioned in §4.1, are also indicated on the horizontal axis of Fig. 7 . The line in Fig. 7 is the theoretical calculation from eq. (7). As is evident in Fig. 7 , when eV ac /αhω is around 1-2, electron transition with the one-photon process is the main process, and the voltage interval is almost constant. When eV ac /αhω exceeds ∼2, electron transition with the the multiphoton process becomes apparent, and the voltage interval becomes large. The measured and calculated voltage intervals are in reasonable agreement.
Photon-assisted tunneling with low incident power
To discuss the irradiation frequency dependence of the the The comparison between experimental and calculation results of photon-assisted tunneling with low incident power has already been discussed in ref. 10 , which shows that the two peaks of the current change move farther from the valley with increasing irradiation frequency, indicating the gradual change from square-law detection to photon-assisted tunneling.
Photon-assisted tunneling with high incident power
Current-voltage (I -V ) curves with the irradiation of high incident power are shown in Fig. 5 . Here, the directly measured I -V curves are shown instead of the current change I . The current change becomes remarkably large with increasing THz voltage V ac , and I eventually reaches about one-half the peak current without irradiation. Figure 6 shows theoretical curves calculated from eq. (7) using the measured I dc . Theoretical results agree semi-quantitatively with the measurement. The deviation in the peak height between the measured and theoretical results is probably due to the change in the electron density in the emitter at the resonant level with applied voltage, which was neglected in the theory. The multipeak shape noted in ref. 7 was not observed because the peak width of the measured I dc is larger than αhω/e. The two peaks of current change I were observed in each I -V curve of Figs. 5 and 6 with irradiation, and move farther from the peak of I dc at V ac = 0 with increasing V ac . To illustrate this clearly, the interval between the voltages at the DC peak and those on the left-hand-side peak of I was plotted as a low incident power. Since V ac = 14 mV and eV ac /αhω = 0.73 were estimated in Fig. 2 by the method discussed in §3.2, this result corresponds to the one-photon process expressed in eq. (8) . The value of α = 3.4 was estimated self-consistently from the ratio of the DC peak voltage to the calculated level difference between the two quantum wells including the potential change with the electron density. The left-hand-side and right-hand-side peaks in Fig. 2 show photon-assisted tunneling with one-photon absorption and emission, respectively. The central valley shows reduction of the straight resonant tunneling in the absence of photon absorption and emission. InAlAs triple-barrier RTDs integrated with a patch antenna on the InP substrate. The conduction loss of the antenna was reduced by a structure that consists of an Au-coated ground plane, an Au antenna electrode and a thick BCB layer for the dielectric between them. Large THz voltages were induced across the RTD with this structure by THz irradiation. Current changes with THz photon absorption and emission were determined. The peak voltage of current changes shifts with increasing incident power due to the the multiphoton process. The multiphoton process was remarkable at low irradiation frequency. These measurements were in resonable agreement with theory.
multiphoton process, the reduction of the straight resonant tunneling, the peak at V ac = 0 by irradiation was measured as a function of eV ac /αhω at f = 1.4 and 2.5 THz (hω = 5.8 meV and 11 meV, respectively). Figure 8 shows the square root of this reduction I v . When eV ac /αhω ∼ 1, i.e, if V ac is within a one-photon process, then I 1/2 v is almost in proportion to eV ac /αhω, in agreement with eq. (8) . With increasing V ac , the square root is saturated. As is evident in Fig. 8 , the curves plotted with V ac normalized by αhω have almost the same shape, independent of the irradiation frequency. These results are consistent with eq. (7) in which the higher-order terms of eV ac /αhω included in the Bessel functions determine the saturation. Therefore, the multiphoton process arises more easily at lower frequencies. Although hω is also included independently as I dc (V dc ± nαhω) in eq. (7), the effect of this factor on the frequency characteristics is negligible because the peak width of I dc is larger than αhω/e. 
Conclusions
